We present a new family of pupil masks to control the axial component of the intensity distribution in the focal region of tightly focused light fields. The filters, which consist of a circular clear pupil with a single shaded ring, allow to control the width of the central lobe of the axial spot together with the residual sidelobes energy. The filters can be applied to improve the optical sectioning capacity of different scanning microscopes.
Introduction
The use of wide-field optical microscopes to image three-dimensional (3D) biological or medical samples have an important drawback: an image focused at a certain depth in the specimen contains blurred information from the entire one. To overcome this problem, the use of optical sectioning fluorescence techniques was proposed. We can cite single-photon fluorescence confocal scanning microscopes (CSM's), in which the monochromatic light from a point source is focused onto a small region of a 3D fluorescent sample by a high-NA objective. The fluorescent light emitted by the sample is collected by the same objective, passes through a pinhole located at the conjugate plane, and is finally detected. The 3D image is reconstructed with a computer from the intensity values acquired by 3D scanning the sample [1] . The main feature of CSM's is their uncommon depth discrimination capacity. However, the axial resolution of CSM's is much poorer than their lateral resolution. This fact leads to an anisotropic 3D imaging quality. We can also cite the two-photon excitation (TPE) scanning microscopy, which is a nonlinear optical technique that constitutes one of the most promising areas in biological and medical imaging at microscopic level [2] . This technique relies on the simultaneous absorption of two photons, following which a single fluorescence photon is emitted. The excitation wavelength is typically twice than in the single-photon case. The fluorescence intensity is now proportional to the square of the illumination intensity. Thus, TPE microscopes have the ability of strongly limiting the effective excitation region and inherently possess optical sectioning capacity. The overall fluorescent light is collected and detected, and the final image is synthesized from the 3D sampling of the object. Also here the difference between axial and lateral resolutions results in 3D images with anisotropic quality.
Several attempts have been done to improve the axial resolution of optical sectioning microscopes. We can cite the 4Pi-confocal microscopes, in which two opposing high-NA objectives are used to coherently illuminate the fluorescence probe and therefore to create a very narrow focal spot [3] . The stimulated emission depletion (STED) microscopy breaks the diffraction barrier by inhibiting fluorescence molecules at the outer region of a scanning excitation spot in a saturated manner [4] . These techniques have revealed to be extremely efficient in improving the axial resolution. Other less efficient techniques are also of interest due to their simplicity. This is the case of the so-called point-spread-function (PSF) engineering, which with a minimum modification of microscopes architecture significantly improve their performance. In the past few years the use of purely-absorbing or complextransmittance pupils has been proposed in confocal scanning microscopes [5] [6] [7] [8] [9] [10] or TPE scanning microscopes [11] . However, the filters can severely reduce the focused-light efficiency in fluorescence microscopy, since they produce an important increment of the sidelobes energy. To avoid this fault, in this paper we design a new family of pupil filters, which have the ability to compress the main peak of the axial spot, but attenuating the sidelobes energy.
The axial PSF of high-NA focusing systems
Let us consider the electric field distribution in the focal region of an aberration-free high-NA focusing system illuminated by a monochromatic, linearly polarized wave-front of wavelength λ . According to Richards and Wolf [12] 
where I 0,1,2 are integrals over the aperture angle θ at the exit pupil plane as seen from the focus, and ϕ represents the angle between the polarization direction of the incident field (assumed x-direction) and the observation meridian plane. As clear from Eq. (1), strong focalization can produce a significant change in the beam polarization. This phenomenon, known as depolarization, has attracted the interest important research efforts in the past few years [13] [14] [15] [16] [17] [18] . A matter of special interest is the study of the structure of the axial component of the field. If we set 0 = r in Eq.
(1) we find that
P(θ) accounting for the amplitude transmittance at the exit pupil, α being the maximum value of the aperture angle θ and n standing for the refraction index. Note that along the optical axis the field no longer suffers the depolarization process. This fact permits to analyze the axial PSF in a quite simple way, after performing the following nonlinear mapping
Now the axial amplitude can be rewritten as
is linearly polarized along the xdirection, we have omitted the explicit reference to its vectorial character in Eq. (4). Such an equation indicates that the axial amplitude is proportional to the 1D Fourier transform of the nonlinearly mapped transmittance. To obtain a given axial distribution it is necessary a function Q(ζ) whose 1D Fourier transform closely approximates the desired form. A classical approach to this aim is the design of phase-only filters by different algorithms [19] [20] [21] or by techniques [8, 22] based on the Toraldo concept [23] . It is commonly assumed that, since they produce no light losses, the phase-only filters give the optimum solution. However, such filters usually produces huge sidelobes and, consequently, rather poor light efficiency. Due to this fact, this paper is devoted to the design of optima purely-absorbing pupil filters.
Design of optima purely-absorbing axially-superresolving filters
A procedure equivalent to that reported in Ref. [5] allows to find that the width of the axial intensity distribution is proportional to the inverse of the standard deviation, σ a , of Q(ζ). Then, the axial gain in resolution for tightly focused beams can be defined as G A =σ a /σ c , where subscript c refers to the nonapodized circular aperture. The concept of nonparaxial gain in axial resolution was already defined in Ref. [24] , and applied to calculate the performance of several filters [25] , but, to the best of our knowledge, it was never used as a design tool.
To obtain axial superresolution it is necessary a filter such that σ a >σ c . Thus, the value of Q(ζ) in the vicinity of ζ=−0.5 and ζ=+0.5 should be higher than at ζ=0. The simplest solution is a binary filter such that Q(ζ) consists of two equal-width rectangles ( Fig. 1(a) green curve). These filters, commonly known as dark-ring (DR) filters, have shown to be very useful in bright-field confocal microscopy [5] , and also in two-photon confocal microscopy [11, 3] . However, since they produce very high axial sidelobes, they are not too useful in CSM or in TPE microscopy. In the first case the high axial sidelobes can produce photo-bleaching of the specimen in parts of it not in focus. In the second case, the sidelobes are not removed by any detection pinhole, and then the improvement in axial resolution is not effective. We propose to substitute the dark ring for an adequate shaded ring. The performance of shaded-ring (SR) filters is illustrated in Fig. 1 . The contribution of the shaded ring to the axial pattern is significant only in the central part. Then, the axial PSF produced by the SR filter (black curve) exhibits a central lobe that is much higher than the one produced by the DR filter (green curve), whereas the sidelobes height remains almost invariant. The SR filters can be understood as members of a more general class of filters known as leaky filters [26] . Calculation of the axial gain for SR filters gives ( )( ), 
where the parameters η and µ are described in Fig. 1(a) . Note that all pairs (η,µ) fulfilling Eq. (5) correspond to filters with the same gain but different sidelobes energy. Any pair (η=1,µ) corresponds to a DR filter, considered now as a member of the SR-filters family.
Application to scanning microscopes
Due to their scanning nature, single-photon fluorescence CSM's are 3D linear and shiftinvariant (LSI) systems. If we consider that, in an optimum case, the objectives are aberration free, used in the design conditions, and that the refraction index of the immersion medium is that of the specimen, the 3D intensity PSF can be calculated as
where linearly x-polarized illumination is assumed, ε=λ ill /λ det represents the ratio between the excitation and fluorescence wavelengths. E ill is accurately described by Eq. (1), which is only good approximation for field in detection [27] . The angular brackets in Eq. (6) stand for the ϕ-average process associated with the usual assumption of random polarization for the fluorescent light. Note that confocal PSF is a non-radially symmetric function that explicitly depends on the angle between the illumination polarization and the observation meridian plane. We propose to narrow the confocal PSF by use of SR filters in the illumination arm of the microscope. There are two basic reasons that advise against the use of these filters in the detection arm. First, due to the pinholed detection, the light efficiency of collecting system is very poor and fluorescent light losses should be avoided. The second and most important reason results from the fact that, due to the mismatch between illumination and collection wavelengths, the collection PSF is about 25% wider than the illumination PSF. Then, narrowing the collection PSF would have only an insignificant influence onto the confocal PSF width. Among the family of SR filters with the same value for the axial gain, we will select the one that maximizes the focused-light efficiency, understood as the ratio between the centrallobe energy and the overall diffracted energy. In other words, the one that minimizes the sidelobes to peak ratio (SLPR), defined as
z p being the coordinate of the first zero-intensity axial point. In Fig. 2(a) we have drawn several curves with constant value for G A but varying SLPR. Any point at the curves corresponds to a different (η,µ) pair. As mentioned above, the left-end point at any curve corresponds to the DR filter. For our numerical experiment we selected G A =1.20. The minimum of the curve corresponds to the SR filter µ=0.67 and η=0.66. In terms of the SLPR the selected SR filter is % 25 better than the DR filter. We also show the 3D PSF of a confocal instrument with two circular pupils ( Fig. 2(b) ) and with the SR filter in the illumination (Fig. 2(c) ). It is obtained an important improvement (12.0% in terms of the FWHM) in axial resolution, and only a small worsening (1.8%) in lateral resolution. The optical-sectioning capacity of an imaging system can be better evaluated in terms of the z-response, which is defined as the 1D image acquired by axially scanning a very thin fluorescent layer. Calculations not shown demonstrate that the SR filter narrows the zresponse by 12.5%. As a meter of the enhancement obtained with our method we point out that the same narrowness would be obtained by using an objective with circular aperture and NA=1.246, which is not commercially available.
Let us consider now the case of TPE scanning microscopes in which the overall fluorescent light is collected without pinhole. In such systems the fluorescence intensity is proportional to the square of the illumination intensity. TPE microscopes have the ability of strongly limiting the excitation region and inherently possess optical sectioning capacity even in the absence of pinholed detection. When no photobleaching affects the sample and no saturation effects occur, TPE microscopes are 3D LSI systems whose PSF is given by 
In Fig. 3(a) filter SLPR 2p =0.16, which is 73% smaller than the corresponding to the DR filter with the same axial gain. In Fig. 3(b) we compare the PSF 2p with the corresponding to the nonapodized case. The benefits of using SR filters are more appreciable in TPE microscopy than in the previous case. Specifically, the axial resolution is improved by a 20%, whereas the transverse resolution is worsened only by a 2.9%. It is apparent that the use of SR filters produces an important improvement in axial resolution at the expense of only small worsening of focused-light efficiency (calculated as 100 (1+SLPR 2p ) -1 ), which downs from 99% in the nonapodized case, to 86% in case of the SR filter (62% for the DR filter). Let us emphasize that in the case of TPE microscopy the simple insertion of a pupil mask in the illumination path can yield important benefits in imaging quality. Since binary filters have shown to efficiently work in TPE setups [3, 11] , we estimate that the SR filters could be easily implemented by photolithography making use of digital halftoning techniques [29] .
Conclusions
In summary we have presented a new set of annular filters specifically designed to improve the axial resolution of optical-sectioning fluorescence scanning microscopes. The SR filters consist of a shaded ring with adequate width and light transmittance. The insertion of such filters in the illumination pupil of the microscope produces an important improvement of optical sectioning capacity. The numerical experiments show that the proposed filters are useful in both single-photon CSM and TPE scanning microscopy.
